Synergistic antibacterial effects of mixtures of ampicillin and cloxacillin and induced penicillinases were investigated in 48 strains of Proteus. The serial tube dilution method was used to determine the minimal inhibitory concentration of ampicillin, cloxacillin, and 2:1 and 1 :1 mixtures of ampicillin and cloxacillin. Production of penicillinases was determined by the cellulose acetate membrane method, with ampicillin, cloxacillin, mixtures of ampicillin and cloxacillin, penicillin G, and cephalothin as inducing agents and as substrates for penicillinase. Synergism occurred against P. morganii, but against no other species. The 1:1 ampicillin-cloxacillin combination was synergistic against 13 of 17 P. morganii strains; the 2:1 combination was synergistic against only 9 strains. Penicillinases, demonstrated in all species except P. mirabilis, hydrolyzed penicillin G and cephalothin. Although only P. vulgaris hydrolyzed ampicillin, no species of Proteus hydrolyzed cloxacillin or the ampicillin-cloxacillin mixtures. Penicillinases were, however, induced by ampicillin, cloxacillin, and the mixtures. There was no relationship between production of penicillinase and synergism with mixtures of ampicitlin and cloxacillin.
penicillinase and synergism with mixtures of ampicitlin and cloxacillin.
Synergistic antibacterial activity against gramnegative bacteria with pairs of antibiotics has been demonstrated with various combinations of penicillins and cephalosporins (7, 10, 11, 15) . Bacterial penicillinases and cephalosporinases hydrolyze the ,B-lactam ring in these molecules, destroy the antibacterial activity of the compounds, and are often able to hydrolyze both penicillins and cephalosporins (9) . Some penicillins, such as ampicillin and benzylpenicillin, have antibacterial activity against gram-negative bacteria but are readily hydrolyzed by ,B-lactamases and inactivated. Others, such as cloxacillin and methicillin, are not hydrolyzed by ,B-lactamases but have little activity against gram-negative organisms. Sabath and Abraham (10) have demonstrated synergistic effects between pairs of hydrolyzable penicillins or cephalosporins and penicillinase-resistant penicillins against Pseudomonas aeruginosa, the inhibition being of the competitive type. Synergism has also been shown against Escherichia coli and organisms in the Klebsiella-Aerobacter group (3) , and against strains of Proteus vulgaris, P. mirabilis, and P. morganii (1, 15) .
The clinical utilization of synergistic pairs of antibiotics was not initially considered promising for treatment of systemic infection, because the concentrations of antibiotic required for in vitro demonstration of synergism were greater than levels attainable in the serum of patients (7, 10, 15) . However, a mixture of ampicillin and cloxacillin has been recommended as a broad-spectrum antibiotic combination for the treatment of infections in premature infants and newborns (1) . This combination was also recommended for the management of urinary tract infections, since the high concentrations required for synergistic activity against gram-negative bacteria are attainable in urine and the drugs may be given orally (13) .
The purpose of this study was to investigate the in vitro antibacterial activity of ampicillin-cloxacillin mixtures for evidence of a synergistic effect in the genus Proteus. In addition, the relationship of these antibiotics to both the induction and the activity of penicillinase in the genus was examined.
MATERIALS AND METHODS Forty-eight strains of Proteus were studied. The source and species designation of these strains are listed in Table 1 Before the tube dilution procedure, each organism was screened for growth on a series of Trypticase Soy Agar (TSA; BBL) plates in which 10-fold dilutions of each antibiotic were incorporated. On the basis of these preliminary assays, appropriate ranges of each antibiotic were employed for the tube dilution assays. Inasmuch as ampicillin was more active than cloxacillin, protocols for assays were as follows: (i) ampicillin; (ii) cloxacillin at the same concentration as solution 1; (iii) mixture of two volumes of ampicillin and one volume of cloxacillin (2 ampicillin: cloxacillin) prepared from solutions 1 and 2; (iv) equivolume mixture (ampicillin:cloxacillin) prepared from solutions 1 and 2; (v) cloxacillin at a much higher concentration than solution 2, so that the MIC value could be obtained. In 2:1 and 1:1 combinations, ampicillin and cloxacillin were found to be optimal for demonstrating synergistic antibacterial effects with gram-negative organisms (1, 15) .
Criterion for synergism. It was arbitrarily assumed that in the combinations only the more active antibiotic in each pair contributed to the end point, and that the antibiotic with lesser activity was acting solely as an inert diluent for the more active one. Therefore, based upon the MIC value obtained for the more active antibiotic acting alone, the actual amount of that antibiotic at the end point for each combination was calculated. A synergistic effect of ampicillin-cloxacillin mixtures was considered to be present when four times the amount of the more active antibiotic at the MIC value of the mixture was equal to, or less than, the MIC value of that antibiotic alone. Thus, synergism corresponded to at least a two-tube enhancement of activity by the more active antibiotic. Antagonism was described by the converse situation.
Penicillinase activity. The production of penicillinase in whole cells was tested by the membrane method of Knox and Smith (8) , which detects cellbound as well as filterable enzyme activity and measures the ability of microorganisms to produce acid degradation products from the substrate employed (4). As used in this report, the term "penicillinase" makes no distinction between ,B-lactamase activity and acylase activity should these be present either singly or together. For the test, a drop of bacterial culture was placed on a sterile cellulose acetate filter which was placed on a TSA plate. After incubation overnight, the inoculum showed evidence of growth; the membrane was transferred from the TSA plate to a petri dish fitted with a circular piece of filter paper which had been saturated with substrate solution consisting of a mixture of antibiotic solution, adjusted to pH 7.0 to 7.3, and 2% Andrade indicator solution. This plate was incubated at 37 C and examined at 20 min, 2 hr, and 5 hr. The development of a red color in or around the area of bacterial growth on the membrane was due to the production of acidic products by penicillinase activity. The hydrolyzable substrates employed are listed in Table 2 . The same antibiotics were incorporated into plates of TSA (Table 3) . RESULTS Strains having MIC values equal to or less than 12.5 ,g/ml were classified as sensitive to ampicillin. Table 4 presents the mean MIC values for ampicillin, cloxacillin, and for the total combined antibiotic in each mixture. MIC values for cloxacillin were greater than 12.5 ,ug/ml in 47 of 48 strains of Proteus. The exception was P. rettgeri ATCC 9250, for which the MIC of cloxacillin was 5 ,ug/ml. Ampicillin was usually more active than cloxacillin, even for ampicillin-resistant strains. The only exception occurred among ampicillin-resistant strains of P. vulgaris; cloxacillin was more active for two of the four strains.
Synergism with ampicillin-cloxacillin mixtures occurred only against P. morganii. The ampicillin:cloxacillin combination was synergistic for A relationship between synergism against P. morganii and the production of penicillinase in the genus Proteus was sought. Table 5 .
Only penicillin-resistant strains of S. aureus produced penicillinase. Microgram quantities of all of the antibiotics induced staphylococcal penicillinases active against penicillin G, ampicillin, and ampicillin-cloxacillin mixtures, but not 
DISCUSSION
These data indicate that synergism with ampicillin-cloxacillin mixtures was limited primarily to ampicillin-resistant strains of P. morganii, and that the 1 :1 combination of ampicillin and cloxacillin was more effective than the 2:1 combination. A distinction between P. morganii and other species in the genus is not unique, having also been observed in regard to base composition of nucleic acids (2) and serological specificity of ureases (5) . No relationship between synergism and penicillinase activity was discernible, since the qualitative membrane method failed to demonstrate penicillinase activity by P. morganii against ampicillin. HamiltonMiller (6) was also unable to demonstrate inducible penicillinase activity against ampicillin with the membrane method. He examined strains of P. morganii, P. rettgeri, and P. mirabilis, but not P. vulgaris. However, he did demonstrate penicillinase activity in cell-free extracts of P. morganii when quantitative procedures were employed (6) .
The production of penicillinase by gram-negative bacteria has not been considered to be the sole factor accounting for their resistance to penicillin (11, 12, 14) . Sabath and his colleagues (10, 11, 12) have demonstrated that the less active, nonhydrolyzed penicillin of a synergistic pair has greater affinity for the active center of the flactamase in gram-negative organisms than does the hydrolyzable penicillin being protected. It seems likely that this mechanism accounts for the synergistic effect of ampicillin-cloxacillin mixtures against P. morganii, although the methods used in this study were inadequate to provide evidence in support of this hypothesis. 
